Abstract Natural and compacted soils are usually characterized by aggregation of particles. The mechanical behaviour of these materials depends on soil structure. The oedometric compression tests performed on aggregated samples presented here showed that these materials exhibit a yield limit depending not only on stress history and stress state but also on soil structure. Evidence is provided using the neutron tomography technique. These results revealed that soil structure modification occurs together with plastic deformations. The experimental results are used to propose a new state parameter to quantify the soil structure. Based on pore-scale experimental observations, an evolution law for this parameter is proposed as a function of associated plastic strains. Considering both soil fabric and inter-particle bonding effects, a new yield limit depending on stress state, stress history and soil structure is introduced for the aggregated soils. Accordingly, a new constitutive framework consistent with strain hardening plasticity is proposed to consider soil structure effects in the modelling of aggregated soils.
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Introduction
A rigorous description of the mechanical behaviour of soils, as a material with hierarchical levels of heterogeneity, demands a comprehensive understanding of soil structure and its evolution during loading. The term soil structure represents the combination of soil fabric, i.e. arrangement of particles, and inter-particle bonding [18] . Although any soil possesses a particular structure, soil structure effects are particularly observed in soils referred to as structured soils. Fabric of these materials is commonly subjected to aggregation of particles. The size of aggregates depends on several factors and might differ by five orders of magnitude from the clay platelets in compacted clays to large aggregates and clods in natural and agricultural soils. These materials are characterized by a double porosity fabric [8, 10, 14] . Accordingly, two levels of structure can be identified in an aggregated soil: the soil microstructure, defined as the elementary particle associations within the soil aggregates, and the macrostructure, corresponding to the arrangement of these soil aggregates and the relation among the structural units [1] . Experimental observation of these two levels of structures are shown in Fig. 1 . Figure 1a shows a three-dimensional aggregated sample of silty clay obtained by neutron tomography where the aggregates and the macropores between them represent the macrostructure of the soil. Figure 1b shows a 1,0009 magnified image of a single aggregate of the same soil using an environmental scanning electron microscope. This figure illustrates the existence of micropores within individual aggregates which correspond to the microstructure of the soil. Any deformation affecting these materials should be considered as a combined phenomenon at both levels of soil structure.
Over the last few years, new experimental studies have led to a better characterization of the macroscopic mechanical behaviour of natural bonded soils [6, 17] and, simultaneously, to several improvements in constitutive models [4, 12, 19, 20] . These works mainly focus on the inter-particle bonding effects. Other studies have included fabric effects in constitutive models for compacted expansive clays [9, 21] . Due to the difficulty of obtaining microscale experimental proof, research work on this topic is, however, largely based on hypothesis rather than on experimental evidence.
This study presents an original contribution to the field of constitutive modelling of aggregated soils. Aggregated soils are structured soils with double porosity in which both fabric and inter-particle bonding effects should be considered in a single constitutive framework. In the first part of the paper, the mechanical behaviour of soil at the macro scale and soil structure evolution at the pore scale during compression are investigated based on experimental evidence. The rest of the paper is aimed at introducing the soil structure parameters and to proposing a framework for including soil structure effects in constitutive models of soils based on strain hardening plasticity.
Experimental evidences
In the first part of the experimental study, oedometric compression tests were performed on both aggregated and reconstituted soils in order to characterize the influence of soil structure on the macroscopic behaviour of the material. These tests were performed on two types of aggregated clayey silts, namely Abist and Bioley. Abist soil is a silty clay from central Switzerland with a liquid limit, w l , of 38.4% and a plasticity index, I p , of 17.7%. These values for the Bioley soil are 28.9% and 13.4%, respectively. After sampling in the field, the Abist soil was first gently crushed into smaller parts at its own natural water content of about 7%. The visible organic parts were then carefully removed and aggregates with an average size of 4 mm were selected by sieving. In the case of the Bioley silt, aggregates were artificially prepared from the reconstituted soil. The soil was first compacted at water content of 13%, which is slightly on the dry side of optimum (13.7%), then gently crushed into smaller clods. Similar to the Abist soil, the aggregates were then selected by sieving. In both soils, the obtained aggregates were subjected to oven drying for 48 h prior to testing. For each soil, the reconstituted material was obtained by crushing and remoulding of the soil.
In the second part of the experimental program, neutron tomography was used to evaluate the soil structure evolution in a dry aggregated sample of Abist soil subjected to oedometric compression.
Oedometric response
Oedometric compression tests under dry condition were performed on both aggregated and reconstituted samples of both soils. Aggregated samples were prepared by free placement of dry aggregates in the cell followed by a very slight compaction. This method of preparation yields a sample exhibiting large macropores with a relatively high initial void ratio. Dry reconstituted samples were also prepared directly in the oedometric cell without major compaction prior to the test. Since the samples were dry, the required time of equilibrium for loading step were quite short and the test could be carried out in maximum 3 days.
Analogous results were observed for both the Bioley and Abist soils. Figure 2 illustrates the oedometric response of the aggregated and reconstituted samples of both the Bioley and Abist soil. Although the aggregated sample was not previously consolidated, an initial stiff behaviour followed by yielding can be observed in its oedometric compression response. This behaviour could be described as an induced overconsolidation, although with a different origin stemming from the soil structure. Therefore, the corresponding yield stress is referred to, here, as the apparent preconsolidation stress. Accordingly, the apparent preconsolidation stress in these aggregated materials depends not only on stress history and stress state, but also on the soil structure. Another piece of evidence observed in Fig. 2 is the fact that the compression curve of the aggregated soil is located to the right side of the normal compression curve of the reconstituted soil. As expected, at a given value of applied stress, the aggregated soil exhibited a higher void ratio in comparison with the reconstituted soil. Figure 2 also illustrates that the compression curves of the aggregated and reconstituted soils tend to converge at higher values of applied stress. It can be seen that the virgin oedometric compression line of the reconstituted Bioley soil is an asymptote to the compression curve of the aggregated soil that intersects the curve at the initial virgin state (dashed line). The slope of the initial compression, i.e., apparently overconsolidated part, in aggregated sample is almost identical to the slope of unloading line. It is observed that, for the aggregated Abist sample, the slope of unloading line remains unchanged and it is the same for the first unloading-reloading and the final unloading of the sample at the end of compression. In the case of Bioley silt, it is also observed that the slope of the unloading (swelling) line is almost the same in aggregated and reconstituted samples. In this case, however, unloading was performed at the stress level for which the aggregated structure has been already obliterated significantly, as indicated by the convergence of two curves. It is, thus, normal that the two soils have the same behaviour on the unloading path at the end of compression. It is difficult to make a firm conclusion about the influence of aggregation on the unloadingreloading slope based only on these results. However, this influence has been neglected as a simplifying assumption.
Pore-scale response
The experimental technique of neutron tomography and image processing was used here to study the soil structure and its evolution during the oedometric test on the aggregated sample of Abist silt. Neutron tomography is a nondestructive technique for investigating the distribution of neutron attenuating materials [7] . This technique, together with computed tomography algorithms, yields the threedimensional array of the volume of the sample in terms of a local neutron attenuation coefficient. Reconstructed volumes are processed by a sequence of spatial filters, segmentation and morphological operations. Segmentation of the reconstructed volumes into aggregates and the pores between them gives a binary volume of the sample in which these two components can be distinguished.
The concept of double porosity [3, 22] in aggregated soil is postulated here for the purpose of soil structure evaluation. The relation among total, macro-and microporosity in aggregated soil reads:
where n is the total porosity and n l and n m denote the microporosity corresponding to the pores within the aggregates (intra-aggregates) and the macroporosity corresponding to the pores between the aggregates (interaggregate), respectively. Macro-or microporosity, therefore, is the volume of the macro or micropores divided by the whole volume of the soil.
To assess the soil structure evolution during the oedometric compression, neutron tomography of the sample is recorded at different loading steps. The macroporosity of the sample at different loading steps is then deduced from the segmented volumes of the sample. Details of the experimental procedures and discussion of the results are beyond the scope of this paper and are presented elsewhere [13] . The main experimental results, which will be used for the purpose of modelling, will be briefly outlined here.
It is observed that no significant change in macroporosity occurs during the initial stiff domain (stress state lower than the apparent preconsolidation stress) or during unloading-reloading paths. Major changes in macroporosity only occur when the loading stress exceeds the apparent preconsolidation stress. Evolution of the macroporosity represents the changes in soil structure of the aggregated soil. Considering the preconsolidation stress as a yield limit that separates the domains of elastic (recoverable) and plastic (irrecoverable) deformations in soil, it is concluded that the soil structure modifications only happen together with the occurrence of irrecoverable deformations.
Furthermore, the experimental results also reveal that both volumetric and deviatoric deformations should contribute to completely remove the aggregated structure of the sample and to bring it into a fully destructured state.
Constitutive modelling framework
In this study, the reconstituted (destructured) soil of the same mineralogy as the aggregated soil is selected to be a reference state. From the mechanical point of view, aggregated soils could be embedded in general modelling framework proposed for bonded and structured soils. Following the proposition of Burland [5] , properties of the reconstituted soil are called here intrinsic properties and shown by an asterisk in subscript (*). The main idea is to depart from a constitutive model, which can already describe the reconstituted soil behaviour and extend its applicability to aggregated soils. Macroscopic experimental observations are used to build the general constitutive framework for aggregated soils. The experimental evidence at the pore-scale level will then be used in the next section in order to introduce and define the soil structure parameters. The proposed framework is appropriate for constitutive models based on the theory of plasticity with strain hardening.
Pre-yield and elastic behaviour
Atkinson and Bransby [2] showed that, with good approximation, the one-dimensional compression (swelling) and the isotropic compression (swelling) can be assumed to be parallel. However, this assumption is valid for soils for which the coefficient of lateral earth pressure at rest, K 0 , remains constant during virgin compression. The parallelism between the isotropic and oedometric compression lines is a simplifying assumption, which allows interpreting the oedometric results in the isotropic compression plane.
Accordingly, on the basis of the oedometric compression tests presented previously, an idealized isotropic compression curve of reconstituted and double structure soil is shown in Fig. 3a . The intrinsic normal consolidation line (iNCL) represents the normal consolidation line of the reconstituted soil. The virgin consolidation line of the aggregated soil is characterized with an initial stiff behaviour followed by yielding (point A in Fig. 3a) . a b Fig. 3 Comparison of aggregated and reconstituted soils: a isotropic normal consolidation curve; b extended yield surface In this figure, p c 0 and p ci 0 are the actual and the initial apparent effective preconsolidation pressure of aggregated soil, respectively. The corresponding intrinsic values for reconstituted soil are denoted by the asterisk (*).
Yielding is determined by the apparent preconsolidation pressure which is identical for samples of the same structure at a similar stress state and stress history. The initial elastic domain is taken into account by introducing an initial yield surface, the size of which is controlled by the initial apparent preconsolidation pressure, p ci 0 , which represents the initial soil structure. As an hypothesis in the present model (and in most of the constitutive models for natural bonded soils) the shape of the yield surface in aggregated soil is assumed to be identical to that corresponding to reconstituted material. The material behaviour inside this yield limit is elastic. Moreover, it is assumed that soil elastic properties are not affected by the structure [15] . Therefore, the elastic behaviour of the aggregated soil is modelled using the reconstituted soil model and elastic properties of the reconstituted soil.
Yielding and apparent preconsolidation pressure
In conventional soil mechanics, the possible states for a reconstituted soil are only those situated on the left side of the normal consolidation line. Experimental results (Sect. 2.1) revealed that the virgin consolidation line of aggregated soil is located to the right side of the normal consolidation line of the reconstituted soil, referred to here as the intrinsic normal consolidation line (iNCL). It means that higher values of mean stress can be applied to the aggregated soil without causing it to yield. In other words, the aggregated soil can sustain higher void ratios at the same stress state (Dm in Fig. 3a) .
With the assumption of identical shape of the yield surface for both reconstituted and aggregated soils, this behaviour can be described by a change in size of the yield surface due to an increase of the yield limit (Fig. 3b) . Considering the isotropic preconsolidation pressure as the parameter controlling the size of the yield surface, the size of yield surface in aggregated soils is, therefore, determined by the apparent preconsolidation pressure which depends both on stress history and soil structure. As proposed by Gens and Nova [11] for bonded and structured soils, this limit can be considered as an extension of the yield limit of the reconstituted soil at the same void ratio. Accordingly, the apparent preconsolidation pressure of the aggregated soil can be written as:
where p 0 c is the apparent preconsolidation pressure of the aggregated soil, p 0Ã ci is a reference pressure corresponding to the preconsolidation pressure of the reconstituted soil of the same mineralogy at the same void ratio which represents only the stress history effects. W st is a function controlling the extension of the yield limit with respect to the reconstituted reference state. This function changes with the evolution of the soil structure and represents the influence of the soil structure on the apparent preconsolidation pressure. The initial value of this function determines the initial soil structure and initial apparent preconsolidation pressure. The mathematical expression of this function, as well as the associated soil structure parameters, will be discussed later.
Postyield behaviour and hardening
When the initial (and subsequent) yield limit is reached, the current yield surface will evolve into a new one according to a hardening rule. Isotropic hardening is postulated here for the sake of simplicity. The yield surface of the reconstituted soil follows a strain-hardening rule, i.e., it changes in size with the occurrence of plastic strains (change in p 0Ã c ). Moreover, yielding is associated with structure degradation, expressed by the function W st . Therefore, as the yield limit is reached, the yield surfaces for both reconstituted and aggregated soil change; however, the growth rate is not necessarily the same. The size of the yield locus in aggregated soil is controlled by two phenomena: (1) plastic strain hardening (or softening) of the original model, and (2) softening due to structure degradation. The two phenomena are distinguished in the evolution of the apparent preconsolidation pressure. The evolution rule of the apparent preconsolidation pressure for aggregated soil is obtained from the incremental form of Eq. 2: dp 0 c p 0
The first term on the r.h.s of this equation represents changes of apparent preconsolidation pressure due to structure effects: softening (or hardening) of the material due to degradation (formation) of structures induced by loading. This term depends on the expression of the structural function W st and the associated parameters (to be discussed later). The second term represents the strain hardening (or softening) due to stress state and stress history. This term denotes the evolution of the preconsolidation pressure for the reconstituted soil and is, therefore, given by the evolution rule of the original constitutive model with the reconstituted soil properties. With advances in induced structure degradation, the influence of the first term in Eq. 3 decreases and model predictions for aggregated soil become more analogous to those for reconstituted soil.
The two phenomena are schematically depicted in Fig. 4 . For point B on the SCL, further isotropic compression brings the soil to point C. However, according to the hardening rule of the reconstituted soil, the apparent preconsolidation (yield limit) should follow a path similar to iNCL and reach point C 0 . Hence, the difference between C and C 0 stems from the softening due to structure degradation. On the stress plane q-p 0 , the current yield surface passes through point B. The second term on the r.h.s of Eq. 3 is responsible for the enlargement of the yield surface to the one passing through C 0 , while the first term describes the shrinkage of this latter surface to the new yield surface passing through C.
The magnitude of plastic strain, given by plastic multipliers, is determined by satisfying the condition of consistency. The consistency equation requires that a yield criterion be satisfied as long as the material is in a plastic state (df = 0, where f is the yield function). Due to the dependency of yield limit on soil structure, Eq. 2, the consistency equation involves new terms corresponding to the soil structure parameters. This affects the plastic multipliers deduced from this equation. Accordingly, for a given increment of stress, the model yields a higher value of deformation for aggregated soil.
An appropriate choice of flow rule should be based on experimental results, which investigate the effects of structures on the direction of plastic strains. However, for lack of experimental results, it is assumed that the flow rule of the reconstituted soil is valid for the aggregated soil as well. With this hypothesis, the expression of plastic potential is the same for both soils.
Soil structure parameters
The general constitutive framework proposed here essentially uses the function W st , which appears in the expression of the yield limit, Eq. 2, to include soil structure effects in the model. Proposing a mathematical expression for this function requires, as a first step, the quantification of soil structure as a state parameter of the material. Although macroporosity appears to be a useful measure for evaluating soil structure, it might vary widely for different types of soil. Quantification of soil structure and its degradation requires an internal parameter capable of representing the state of the material with relation to its initial intact condition. For this purpose, the degree of soil structure is introduced here as the ratio of the current macrovoid ratio, defined as e m ¼ n m =ð1 À nÞ; to its initial value at the intact state e i m :
Equation 4 defines the degree of soil structure, R, as a physical parameter at the pore scale. However, in order for this parameter to contribute to the macroscopic description of the material in a way consistent with the constitutive models, it has to be linked with macroscopic variables of the material.
On the basis of tomography observations, mechanically induced changes in the soil structure can be related to plastic strains, which are identified as a macroscopic variable. Depending on the mechanism of structure degradation, the associated plastic strain might be selected to be isotropic, deviatoric or a combination of both. Isotropic mechanism is mainly associated with isotropic type of loading involving volume change. While, deviatoric mechanism involves distortional deformations and is associated with deviatoric loading. The tomography results suggest that the volumetric plastic strain cannot, by itself, explain the whole process of destructuring. In other words, to reach a fully destructured state, a combination of both isotropic and deviatoric mechanisms is required. The parameter R is an internal scaling parameter, which equals unity for an intact aggregated soil with macropores and zero for a fully destructured soil. Any structure degradation, irrespective of its cause, might alter soil structure and consequently the degree of soil structure, R. Figure 5 depicts the degree of soil structure for the aggregated sample of Abist silt deduced from the tomography results at different loading steps during the oedometric test plotted versus the associated volumetric plastic strain (only volumetric strains are considered here). The experimental points in this figure are obtained using Eq. 4 in which the values of macrovoid ratio are deduced from the reconstructed tomography volume by image analysis. This evolution can be well reproduced by a decreasing exponential function of plastic strain:
where e D (referred to as destructuring strain) is a general plastic strain which, depending on the loading condition, could be volumetric, deviatoric or a combination of both plastic strains, and x is the parameter controlling the rate of structure degradation with plastic deformation. This equation establishes a link between the soil structure and the macroscopic behaviour of the material on the basis on experimental observations at both scales.
Introducing the degree of soil structure as a state parameter to quantify the soil structure, the structural function W st can now be expressed in terms of this parameter. This function, as given by Eq. 2, represents the extra strength of the material due to inter-particle bonding effects. This function should now be expressed in terms of the degree of soil structure, which is a physical parameter of the soil fabric. Such a relation expresses the gain in apparent preconsolidation pressure due to the current state of the aggregated fabric.
According to Eq. 3, the horizontal distance of the two curves in the isotropic compression plane for any specific volume (e.g. BB 0 in Fig. 3a) is given by ln(W st ) with the function W st corresponding to the current state of aggregated soil. The initial value of this function, W i st , is a material parameter corresponding to R = 1. This parameter determines the horizontal separation of the two curves at initial apparent preconsolidation pressure (AA 0 ). When the soil is fully destructured, there is no extra effect of soil structure and, therefore, the two yield limits are the same (W st (R) = 1). This is equivalent to the earlier observation that the two compression curves tend to converge at higher values of applied stress.
It was previously observed that at a given value of applied stress, aggregated soil shows a higher void ratio (or specific volume) than reconstituted soil. This is due to the existence of macropores within the aggregated soil.
Therefore, the difference in void ratio between aggregated and reconstituted soil for a given value of p 0 (e.g. AA 00 in Fig. 3a) for initial apparent preconsolidation pressure must be attributed to macropores. As a result of induced degradation of the structures, the macroporosity decreases and the microporosity, as in reconstituted soils, becomes dominant. Hence, the vertical separation of the two curves in isotropic compression space decreases. At an ultimate state with no macropores, the two curves converge.
Therefore, the relation between the current difference in the void ratio (or specific volume) of aggregated and reconstituted soil in the isotropic plane (BB 00 in Fig. 3a ) and its value at initial yielding (AA 00 ) can be approximated as:
On the other hand, geometrical similarity between triangles AA 0 A 00 and BB 0 B 00 yields
Introducing Eq. 4 into Eq. 6 and solving for W st gives
The above equation presents W st at the current state as a function of its initial value and corresponding degree of soil structure. 
Model assessment
The constitutive framework presented above is applicable to any plastic hardening constitutive model as an extension to aggregated soils. In this study, the proposed developments were applied to the ACMEG model (acronym for advanced constitutive modelling in environmental geomaterials) originally developed for non-structured soils [16] . This model is a strain-hardening model from the Cam Clay family with isotropic and deviatoric plastic mechanisms.
The extended model, named ACMEG-2S, is used here to reproduce the response of the aggregated Bioley silt during oedometric compression. The model uses the material parameters of the reconstituted soil, referred to as intrinsic soil properties and denoted by an asterisk (*). The main material parameters are listed in Table 1 .
The model predictions, as well as the experimental results, are plotted in Fig. 6 . The reconstituted oedometric curve is first predicted by setting the value of x to zero (no destructuring) and of W i st to one. The aggregated behaviour is then modelled using the values of the parameters given in Table 1 . Due to similarity of Abist and Bioley soil, the value of parameter x deduced from tomography results for Abist soil (Fig. 5 ) is used to simulate the behaviour of Bioley silt. The initial value of W i st is calculated through comparison between the compression curve of aggregated and reconstituted soil and using Eq. 1 for initial apparent preconsolidation stress.
It is observed that the model prediction is close to the experimental data. These results indicate the model's ability to reproduce the special behaviour of aggregated soils. These results are presented here as a general assessment of the proposed constitutive framework, and are not considered as a validation of the particular constitutive model proposed by the authors. Detailed formulation and validation of this latter one is to be published in a future paper.
Conclusions
In this study, a general constitutive framework is proposed to describe the mechanical behaviour of aggregated soils.
The proposed framework is a new adaptation of the modelling concept of Gens and Nova [11] to aggregated soils with respect to double porosity fabric. Oedometric compression tests on aggregated samples revealed the existence of an initial stiff behaviour followed by yielding. This phenomenon is similar to induced overconsolidation; however, the nature of the phenomenon is different. The yield limit is, therefore, termed apparent preconsolidation stress (apparent preconsolidation pressure in the isotropic compression plane), which is a function not only of stress state and stress history but also of the particular soil structure. Moreover, the neutron tomography technique is used to evaluate the structure of an aggregated soil sample and its evolution at the pore scale during the oedometric test. These results reveal that significant changes in macroporosity occur only during normal consolidation. It is, therefore, concluded that any major structure evolution is associated with plastic strain. A state parameter, referred to as degree of soil structure, is introduced to quantify the soil structure in terms of macrovoid ratio. On the basis of tomography results, an evolution rule for the degree of soil structure is proposed which relates the changes in soil structure to the plastic strains of the material. On the other hand, the higher void ratio of aggregated soil in comparison to that of the reconstituted soil is attributed to the existence of macropores. Considering this fact in an isotropic compression space, the extra strength components of the aggregated soil are linked to its fabric using the degree of soil structure. This parameter and its evolution rule are then used to introduce a new yield limit for the aggregated soil with a dependency on the soil structure. The proposed constitutive framework easily allows any existing constitutive model for reconstituted soil to be extended to aggregated soil.
